ABSTRACT Members of the Miridae (Lygus lineolaris Palisot de Beauvois and Pseudatomoscelis seriatus Reuter) and Pentatomidae (Acrosternum hilare Say, Euschistus servus (Say), Euschistus tristigmus (Say), Euschistus quadrator Rolston, Oebalus pugnax (F.), Piezodorus guildinii (Westwood), and Thyanta custator accerra McAtee) comprise a piercing-sucking insect complex that continues to plague multiple crops, including cotton. All these species have been associated with pathogen transmission. Breaching of boll carpel walls facilitates introduction of pathogens, and it is unknown whether stylets of these pests can fully penetrate carpel walls. Thus, stylet penetration estimates are needed and have been the focus of the present work. Stylet penetration estimates for L. lineolaris were significantly deeper than P. seriatus. Among the Pentatomidae, highest mean penetration was estimated for E. servus followed by A. hilare, yet A. hilare possessed a longer rostrum. Similarly, O. pugnax showed deeper penetration estimates than P. guildinii yet P. guildinii possessed a longer rostrum. Thus, rostrum length should not be equated to penetration potential. Pseudatomoscelis seriatus and L. lineolaris both infest early-season cotton, and the ranges of observed penetration indicate these insects, as well as the Pentatomidae, can breach the walls of critical pinhead squares and smaller bolls. The insects addressed herein affect a myriad of crops globally, and penetration estimates allow identification of growth stages susceptible to feeding and disease transmission.
Stink bugs (Hemiptera: Pentatomidae) are pests of cotton (Gossypium hirsutum L.) in the U.S. Cotton Belt and worldwide. These piercing-sucking insects can introduce the opportunistic disease-causing bacterium, Pantoea agglomerans (Ewing and Fife), when feeding on cotton bolls, as has been observed in Nezara viridula (L.) and Euschistus servus (Say) (Medrano et al. 2007 (Medrano et al. , 2011 . The pathogens cause rotting of developing cotton and compound traditional losses of yield quality and quantity. Similarly, N. viridula can transmit pathogenic organisms causing diseases in soybean, the preferred host plant (Daugherty 1967 , Ragsdale et al. 1979 ).
An overarching goal of our current research program is to elucidate the relationship among piercing-sucking hemipteran insect pests, pathogenic organisms, and the developing host plant (e.g., cotton bolls). Based on changes in stink bug feeding posture, Esquivel (2011) developed a mathematical model to determine stylet penetration potential, and for all developmental stages of N. viridula, established stylet penetration estimates. These baseline penetration estimates confirmed breaching potential of the cotton boll wall by N. viridula (Esquivel 2011) , but similar data were lacking for other hemipteran pest species affecting cotton. Esquivel et al. (2009) identified multiple Euschistus spp. in Central Texas. Suh et al. (2013) confirmed the presence of these stink bugs and related species in cotton and other row crops. In addition to stink bugs, phytophagous mirids (Hemiptera: Miridae), such as Pseudatomoscelis seriatus Reuter and Lygus lineolaris Palisot de Beauvois, affect early-season cotton development in Central Texas and other regions of the Cotton Belt. In the Mid-South region of the Cotton Belt, L. lineolaris is the key pest of cotton (Williams 2013) . These mirid pests can also harbor and transmit pathogenic organisms (Bagga and Laster 1968, Bell et al. 2006) . When feeding, the aforementioned hemipterans use a similar feeding posture as N. viridula (Painter 1930, McPherson and . Thus, the Esquivel (2011) model can be used to calculate stylet penetration estimates for these species to determine whether they can breach the carpel wall of developing bolls and potentially introduce pathogenic organisms. The objective of this study was to determine stylet penetration estimates for a suite of selected phytophagous hemipteran species affecting cotton and other highvalue cash crops.
Materials and Methods
Cotton, corn (Zea mays L.), sorghum (Sorghum bicolor Meunch), and soybeans were sampled with sweep nets (as described in Suh et al. 2013 ) to obtain adults of Acrosternum hilare, E. servus, Euschistus tristigmus (Say), Euschistus quadrator Rolston, Oebalus pugnax (F.), Piezodorus guildinii (Westwood), and Thyanta custator accerra McAtee. L. lineolaris and P. seriatus were sampled from London rocket (Sisymbrium irio L.) and croton (Croton capitatus Michaux), respectively. When needed, adults collected from blacklight traps were used to achieve the desired sample size. Ten males and 10 females of each insect species were examined.
A review of Esquivel (2011) describes the context and mechanics of the rostrum when pentatomids engage in probing and feeding behavior. Briefly, the rostrum is 4-segmented, where segments 1 and 4 are located proximal and distal, respectively, to the head. Similar to Esquivel (2011) , for this report, the first segment in stink bug species is defined as the distance from the apex of the head (where the labrum curves ventrally to the head) to the proximal end of segment 2. The labrum, with the distal end lying within the ventrally paired bucculae, comprises segment 1. Although in L. lineolaris and P. seriatus the first segment is a segment sensu stricto of the labium (Knight 1941) , it functions similar to N. viridula when posturing to feed. To achieve a feeding posture, the proximal end of segment 2 articulates at the juncture with the bucculae (or segment 1; Fig. 1 ), enabling the insect to maneuver segment 2 to various angles. These maneuvers create unknown spans between the head apex and proximal end of segment 3, and these spans directly affect penetration depth. The span distance is dictated by the angle created at the bucculae (or distal end of segment 1 in mirids) and the proximal end of segment 2. To calculate the span from the apex of the head to the proximal end of segment 3 when the insect undertakes probing and feeding postures ( Fig. 1) , rostral segments 1 and 2 were measured for incorporation into equation 1 of Esquivel (2011) :
where a ¼ length of segment 1 as previously described, b ¼ length of segment 2, h ¼ anterior angle at junction of distal end of the bucculae with proximal end of segment 2, and cs ¼ calculated span (Fig. 1B ). More acute angles (i.e., angles < 90 ) between the proximal end of segment 2 and the bucculae yield a shorter span, resulting in deeper penetration of stylets into the host tissue.
Values (i.e., cs) derived from Eq. 1 were incorporated into the second equation (Eq. 2) of the model to estimate stylet penetration distance (P). Overall, the estimates generated here only account for the changes in the angle at segment 2; thus, these estimates are conservative. Nonetheless, the stylet penetration depth for insects with a given angle at the juncture of segment 2 and the bucculae (Fig. 1B ) is calculated as:
where a ¼ length of segment 1, b ¼ length of segment 2, cs ¼ calculated span from Eq. 1, and P ¼ stylet penetration depth (Fig. 1B) .
Similarly, rostral segments 3 and 4 were measured to calculate rostrum length. Imaging equipment for measuring rostral segments and calculations for generating stylet penetration estimates were as described by Esquivel (2011) .
Stylet penetration estimates were calculated for each species when the angle at the junction of the bucculae (or segment 1) and segment 2 was at 90, 80, 70, 60, 50, 40, and 30 . Adults of N. viridula and related stink bug species maintain an approximate angle of 90 at segments 1 and 2 when beginning to probe into a food source (J.F.E., personal observation), and P. seriatus can feed when the angle at the junction of segments 1 and 2 is at 30 (Painter 1930) ; thus, the range of angles examined.
Data Analyses. Establishing stylet penetration estimates for the mirid and hemipteran pest species was the focus of this report. However, as discussed in Esquivel (2011) , a misconception exists where rostrum length has been equated to penetration potential for pentatomids, mirids, and other phytophagous hemipterans (Pearson 1934 , Hori 1968 , Pollard 1968 , Panizzi 1987 , Strong 1970 , Follett et al. 2009 ). As such, these data also afforded the opportunity to compare rostrum lengths. Because of innate body size differences between insect families (e.g., Miridae versus Pentatomidae), however, comparisons of penetration estimates and rostrum lengths between different families were not of interest. Thus, estimates of stylet penetration and rostrum lengths within each family were examined using the BY option (with family as the BY variable) within the PROC MIXED procedure (SAS Institute 2010). To compare penetration estimates, the model statement included calculated penetration as the response variable with species, angle, and species by angle interaction as fixed effects. Additional procedures invoked were -RANDOM (sex as the variable), REPEATED (angle as the variable), and SUBJECT (with replicate nested within species and sex). The LSMEANS statement was used to generate mean penetration estimates for the fixed effects; the ADJUST ¼ TUKEY option (i.e., Tukey's Adjusted P) was used to determine significance between means.
Similarly, the BY statement was used within PROC MIXED to examine total rostrum length for species within family. For each family, the model statement included rostrum length as the response variable with species, sex, and the species by sex interaction as fixed effects. The LSMEANS statement was used to generate mean total rostrum length estimates, and Tukey's Adjusted P was used to determine differences among means. The PROC MEANS procedure was used to generate mean lengths for each of the four rostral segments.
Results
Stylet Penetration Estimates. Miridae. Differences in overall mean stylet penetration were observed between L. lineolaris and P. seriatus (Table 1 ; F ¼ 1 280.39; df ¼ 1, 265; P < 0.0001) and among all angles (90 , 282.376 3.37; 80 , 344.316 3.37; 70 , 410 .93 6 3.37; 60
, 481.67 6 3.37; 50 , 555.976 3.37; 40 , 633.09 6 3.37; 30 , 712.34 6 3.37 mm; F ¼ 29 948.50; df ¼ 6, 265; P < 0.0001). Penetration was significantly deeper for L. lineolaris adults, and penetration increased as the angle at the junction of segments 1 and 2 became more acute (i.e., approaching 30
). The interaction term of species by angle was significant (F ¼ 1 171.25; df ¼ 6, 265; P < 0.0001), indicating that angle affected penetration within and between species (Table 2) . Penetration estimates were significantly higher for L. lineolaris than P. seriatus at all angles (Table 2) . Within species, mean penetration was similar between sexes at each angle (Table 3) , and both sexes of L. lineolaris had higher mean penetration than P. seriatus adults. For both species, penetration differed among all angles (Table 2 ) and penetration was approximately 2.5-fold deeper when the insects reached the most acute angle (i.e., 30
). Within angles, L. lineolaris exhibited approximately 1.49-fold deeper penetration than P. seriatus.
Pentatomidae. Differences in overall mean stylet penetration were observed between species ( significantly higher than all other species, exceeding stylet penetration potential of 3,000 mm, and more acute angles produced significantly deeper penetration estimates (Table 4) .
The interaction term of species by angle was significant with differences in penetration for angles within species and species within angle (Table 4 ; F ¼ 364.58; df ¼ 36, 930; P < 0.0001). For all species, deepest penetration was observed at 30
. At all angles, E. servus maintained the deepest penetration. Penetration was also approximately 2.5-fold deeper at 30 versus 90 for all species. Also, in all species, minimum and maximum penetration values were consistently observed in males and females, respectively, at every angle examined (Table 5) . Deeper penetration did not always require a longer rostrum as evidenced between A. hilare versus E. servus and O. pugnax versus P. guildinii (Table 1) . In these instances, E. servus and O. pugnax exhibited significantly deeper penetration but shorter rostrums.
Rostrum Measurements. Miridae. Significantly longer rostrums were observed in L. lineolaris than P. seriatus (Table 1 ; F ¼ 2 054.63; df ¼ 1, 36; P < 0.0001). Rostrum lengths were similar between sexes overall (// ¼ 1,861.23 6 13.23 mm, n ¼ 20; ?? ¼ 1,829.85 6 13.23 mm; n ¼ 20; F ¼ 2.81; df ¼ 1, 36; P ¼ 0.1021). The species by sex interaction term was not significant (F ¼ 0.01; df ¼ 1, 36; P ¼ 0.9120), indicating that female and male L. lineolaris consistently exhibited longer rostrum than the respective sexes of P. seriatus adults (Table 6 ). Rostrum lengths for L. lineolaris ranged from 2,149.47 (male) to 2,410.62 (female) mm while lengths for P. seriatus were approximately 1.5-fold shorter. Within species, rostrum lengths were not significantly different between sexes (Table 6) .
Pentatomidae. Mean rostral lengths significantly varied among species of Pentatomidae (Table 1 ; F ¼ 635.50; df ¼ 6, 126; P < 0.0001). All species were significantly different from each other except for E. obscurus and T. custator. The species by sex interaction term was significant (F ¼ 3.08; df ¼ 6, 36; P ¼ 0.0076), indicating differences between sexes was affected by species (Table 7) ; females consistently possessed longer rostrums. Within species, differences in rostrum lengths between sexes were observed only within A. hilare and E. tristigmus.
Discussion
The insects examined comprise the key suckinginsect pest complex that has deleterious yield effects in cotton, soybeans, and other high-value crops. Additionally, several of these pests have been associated with presence of disease-causing organisms. Stylet penetration estimates, based on feeding biomechanics, presented here clarify and confirm whether these insect pests can breach the wall of developing fruiting forms to introduce pathogens and cause fruit loss. In cotton production, yield is directly affected by P. seriatus when insect feeding causes the fed-upon pinhead squares to abscise from the cotton plant. Zink and Rosenheim (2005) indicate that anther sacs within 4-6-mm-diameter squares (i.e., pinhead squares) are located approximately 0.40 to 1.0 mm from the external surface, and this distance is within the range of observed penetration estimates for P. seriatus and L. lineolaris (Table 2) . Also, P. seriatus is known to harbor the bacteria Pantoea ananatis (Bell et al. 2006) . As the cotton growing season progresses in Central Texas, Sample size ¼ 20 adults (10 males and 10 females) per species; means within family followed by different lowercase letters are significantly different at a ¼ 0.05 using Tukey's Adjusted P. Sample size ¼ 20 adults (10 males and 10 females) per species; means within and across columns followed by different lowercase and uppercase letters, respectively, are significantly different at a ¼ 0.05 using Tukey's Adjusted P. (Cooper et al. 2013 (Cooper et al. , 2014 . Stink bugs, such as N. viridula and E. servus, generally infest cotton during mid-to late-season after bollset and can transmit pathogens (Medrano et al. 2007 (Medrano et al. , 2011 . Penetration estimates for N. viridula at 50 feeding posture (i.e., Esquivel 2011; 2,192.60 and 2,389.26 mm for males and females, respectively) are higher than those for pentatomids examined here at 50 feeding posture (Table 4) . Nonetheless, maximum overall penetration estimates (Table 1 ) and mean penetration estimates at 30 feeding posture (Table 4) indicate all pentatomid species examined here can breach the wall of a 7-d-old G. hirsutum boll (Esquivel and Hinze 2012) .
Piezodorus guildinii and O. pugnax infest soybeans and rice, respectively, transmitting the causative agents of soybean rust and pecky rice (Ragsdale et al. 1979 , Hollay et al. 1987 . Soybean pods and other fleshy fruit commodities, affected by stink bugs (e.g., apples, a Where rostral segment 1 is proximal to the head and segment 4 is distal. Mean total lengths in a column within species and means among species followed by different lowercase and uppercase letters, respectively, are significantly different at a ¼ 0.05 using Tukey's Adjusted P. Table 4 . Overall mean (mm 6 SEM) stylet penetration estimates for adult Pentatomidae (A. hilare, E. obscurus, E. servus, E. tristigmus, O. pugnax, P. guildinii, and T. custator) when the juncture between segments 1 and 2 is at indicated angle Sample size ¼ 20 adults (10 males and 10 females) per species; means within and across columns followed by different lowercase and uppercase letters, respectively, are significantly different at a ¼ 0.05 using Tukey's Adjusted P.
tomatoes, and peaches), have a thinner exterior wall than do cotton bolls, requiring less distance for stink bugs to penetrate. For example, apples have a skin thickness of only about 60 mm (Homutová and Blažek 2006) . Whether these fleshy fruits are more prone to infection is not known but penetration estimates for P. guildinii and other stink bugs indicate walls of fleshy fruits are readily susceptible to stylet penetration and breaching.
Greater rostrum length did not always equate to deeper penetration potential (Table 1; i.e., A. hilare vs. E. servus and O. pugnax vs. P. guildinii). This novel finding reinforces the need to avoid using total rostrum length (Pearson 1934 , Hori 1968 , Pollard 1968 , Strong 1970 , Panizzi, 1987 , Zink and Rosenheim 2005 , Follett et al. 2009 ) to determine crop fruit susceptibility to stylet penetration. Shorter rostrums were observed in E. servus and O. pugnax than A. hilare and P. guildinii, respectively, yet E. servus and O. pugnax had deeper penetration estimates (Table 1) . Mean total rostrum length for A. hilare adults (Table 7) was similar to the mean lengths for N. viridula adults (Esquivel 2011) .
While penetration estimates are based on the biomechanics of the rostrum, these estimates are conservative because they do not account for additional movements of the body and head which are associated with insect probing or the insertion and retraction of stylets within a food source (Flemion et al. 1954) . Further, the estimates are based on principle that all insect species evaluated posture similarly to N. viridula when feeding (Fig. 1) . That is, the rostrum bends at the juncture of segments 1 and 2, creating a variable angle as the stylets are inserted into a food source. While P. seriatus postures similar to N. viridula (Painter 1930) , other mirid species reportedly form multiple bends in the rostrum when feeding (Goodchild 1952 , McGavin 1979 , Cline 2000 , Wheeler 2001 and references therein). Wheeler (2001) provides a schematic indicating the multiple bends forming a "W" shape of the labium in profile, but these multiple bends have not been observed by this author. McGavin (1979) and Cline (2000) also report multiple bends but a need for clarification arises with regard to their posturing descriptions for mirids. These latter authors indicate the bend occurs at the juncture of segments 2 and 3, but Cline (2000) continues to describe, in L. hesperus, "a second bend between the terminal segment and anteterminal segment, thus giving the labium a doubleelbowed appearance." However, a "second bend between the terminal and anteterminal segment" (Cline 2000) would remove the distal end of the labium (i.e., presuming the "terminal and anteterminal segment" [s] refer to segments 4 and 3, respectively) from a vertical position, and this seems logistically improbable if the stylets are to exit distally at segment 4 (terminal). Nonetheless, where a "W" appearance (or multiple bends) occurs as presented by Wheeler (2001) , the Esquivel (2011) model would remain applicable with appropriate modifications to account for the second span created during the "W" feeding posture.
The larger-bodied pentatomids possessed longer rostrums than the smaller-bodied insects (i.e., O. pugnax, P. guildinii, and Miridae). Notwithstanding the issue of longer rostrum not always equating to deeper stylet penetration, overall, deeper penetration estimates were observed in the larger-bodied pentatomids over the smaller-bodied insects. Acrosternum hilare and E. servus are 12.5-19.0 mm in size and O. pugnax is 8.0-12.0 mm versus 4.90-5.50 mm for L. lineolaris (Knight 1941 , Panizzi et al. 2000 . Adult size influence on rostrum length was also observed within the mirids. Adults of L. lineolaris are larger than P. seriatus, and this is reflected by the lack of overlap in the range of rostrum lengths for these species (Table 1) . The estimates provided here can be applicable to related species as well. For a Where rostral segment 1 is proximal to the head and segment 4 is most distal. Mean total lengths in a column within and among species followed by different lowercase and uppercase letters, respectively, are significantly different at a ¼ 0.05 using Tukey's Adjusted P.
example, based on the 70 feeding angle reported by Cline (2000) , L. hesperus has a potential stylet penetration of 491.58 mm given this species' similar size to L. lineolaris (Table 2) .
Stink bugs and piercing-sucking insects continue to plague cotton producers given the pest's increased tolerance to conventional insecticides and inability of current genetically modified cotton plants to affect these insects. Because of the latter, efforts are underway to develop genetically modified plants that target and control stink bugs, but their feeding behavior presents an obstacle not encountered in insects with chewing mouthparts, specifically, caterpillars of the heliothine complex. Where current genetically modified plants require chewing insects (i.e., heliothines) to ingest plant material containing the toxin, the stink bug mode of feeding (i.e., piercing-sucking with stylets) and extra-oral digestion would likely require more precise expression of toxins within plants. Specifically, understanding where these insects feed (i.e., penetration potential) may affect efforts to ensure the toxin is expressed within appropriate plant tissues. Also, the interaction between extra-oral fluids and toxin activity and determination of ingestion rates (e.g., intake volume) to establish toxin thresholds for control of piercing-sucking insects would need to be more clearly elucidated, and these issues are outside the scope of this study. The insects addressed here affect a myriad of cash crops globally, and penetration estimates provide fundamental data to identify growth stages susceptible to feeding and introduction of pathogenic bacteria by these pests.
